Abstract: A computational modelling approach integrated with optimisation and statistical methods that can aid the development ofreliable and robust electronic packages and systems is presented. The Design for Reliability methodology is demonstratedfor the design of a SiP structure. In this study the focus is on the procedure for representing the uncertainties in the package design parameters, their impact on reliability and robustness of the package design and how these can be included in the design optimisation modelling framework. The analysis of thermo-mechanical behaviour of the package is conducted using non-linear transient finite element simulations. Key system responses of interest, the fatigue life-time of the lead-free solder interconnects and warpage of the package, are predicted and used subsequently for design purposes. The design tasks are to identify the optimal SiP designs by varying several package input parameters so that the reliability and the robustness of the package are improved and in the same time specifiedperformance criteria are also satisfied
INTRODUCTION
The 3D micro integration design concept of the SiP structures and the increased package complexity/functionality combined with shorter design development cycles is resulting in a decreased knowledge about the performance, reliability and robustness of these electronic modules [1] . System-inPackage (SiP) technology was developed to provide fully functional electronic systems and sub-systems that integrate several functionally different devices, optical, MEMS, sensors and other components into a single package. A particular issue of concern is how these aspects might be influenced and to what degree by the uncertainties associated with package design input parameters. Having the right tools and strategies to support the design specification process is critical requirement for the success of the technology. The goal is to ensure that a package design will provide the required reliability despite the degree of performance variation due to the uncertainty of the design inputs and their propagation into the actual response characteristics.
Simulation based optimisation for virtual design prototyping of various electronic packages and manufacturing processes has proven as an effective approach for process characterisation and product development at the early design stages [2] [3] [4] . Normally, these strategies are used to obtain the deterministic optimal package design based on the variation of a number of input parameters so that imposed constraints and design requirements are satisfied.
However, in reality such optimal package design, from deterministic point of view, may be far from a reliable, safe and robust design solution. The reason for this are the uncertainties associated with design parameters. It is very difficult and often impossible to control such existing variations. These tolerances and variations of the input design parameters may have significant impact on the system behaviour and can lead to variations and scatter of the response parameters that define the target requirements for performance and reliability. In order to ensure reliability and robustness of the designed system the uncertainties associated with the input parameters must be taken into account so that the optimal solution always meets the design constraints despite of the existing variations in the system/process response parameters.
This paper puts emphasis on three key aspects of the Design for Reliability methodology: (1) the development of reduced order models for fast analysis evaluations using Finite Element Analysis, Design of Experiments and Response Surface Modelling, (2) modelling of the uncertainties of the SiP design inputs and responses, and (3) optimal SiP design identification through reliability-driven and robustness-driven numerical optimisation.
COMPUTATIONAL ANALYSIS OF SiP THERMO-MECHANICAL BEHAVIOUR AND RELIABILITY
The structure under investigation is a stacked dies SiP. The active die is flipped onto the passive die. The board level solder joints are designed in two peripheral rows along each side of the passive die Figure 1 Figure 2 . The thermo-mechanical response of the SiP structure is analysed under accelerated thermal cycling from -40°C to 125 'C. Time-dependent plasticity and creep accompanied by stress relaxation for lead free solder joints are modelled using inelastic strain rate sinh constitutive law (Eq. 1):
Z'r =A(sinh(aJeiff))' expy RT) (1) where <J is inelastic strain rate, R is the gas constant, T is the temperature in Kelvin, ueff is 
Response Surface (RS) Modelling
After obtaining the SiP responses at the experimental design points as detailed above, the next stage in the modelling procedure is to construct approximation models to the solder joint cycles to failure (life-time) and SiP warpage. Second order polynomials are used to fit the data in Table 2 
SiP DESIGN OPTIMISATION
The following design problem is formulated:
Minimise Warpage of SiP, Dw
Subject to:
( .2) given in the formulation of the design problem (3) .
Normally the distribution of the probabilistic input design variables is known and can be specified through certain distribution parameters. In this study the variation is defined by Gaussian distribution and uses two parameters, the mean value and the standard deviation. The following standard deviations specify the uncertainty of the SiP design variables: a) HPCB: standard deviation GHPCB =16 ptm; b) SOH: standard deviation GSOH= 2 ptm; c) HDIE: standard deviation 6HDIE= 2.5 ptm;
1-4244-1218-8/07/$25.00 ©2007 IEEE The uncertainty properties of the responses are usually unknown. Therefore, when uncertainties are included in the design optimisation task, we need to estimate the random properties of the responses. Different methods can be used to obtain this information. One way is to calculate the response mean value and standard deviation and to use this information to judge the probability of failure with respect to that response. The most common simulation method is to run a Monte Carlo Simulation [7] which is technique used in this study.
Design Optimisation with UncertaintiesProbabilistic Optimisation for Reliable Design
In reliability based optimisation the aim is to account for the variations of the responses that define the reliable design domain and to ensure that the deterministic optimal solution is moved from the boundary of the active constraints inside the feasible domain. Therefore, the aim is to minimise or satisfy constraints that involve system responses and related probability of failure. This reliable optimum design is called a probabilistic optimum. To define the probabilistic optimum one must specify what probability of failure will be acceptable.
To demonstrate the reliability based design optimisation strategy, the following re-formulation of the design task (3) The solution of this optimisation problem will account for the variation of the input design variables (the constraints (4.3a)-(4.5b)). The constraint (4.1) states that the probability of the fatigue life being less than or equal to 2700 cycles to failure must be no greater than 0.05 (i.e. 5 00 probability of failure limit with respect to the life-time requirement). Similarly, the constraint (4.2) is re-formulated to represent a reliability requirement on the package thickness, i.e. the probability of SiP thickness (SOH+HDIE) becoming great than or equal to 400 microns must be no greater than 0.05. By solving this problem we can find a solution (the probabilistic optimum) which, despite the uncertainty of the input parameters, will be always 95 %O reliable. This reliability is with respect to design constraints (3.1) and (3.2).
The above optimisation problem is defined and solved using VisualDOC [7] . The numerical optimisation solution procedure incorporates also Monte Carlo simulations at each of the design optimisation iterations in order to evaluate the probabilities of failure as defined in (4.1) and (4.2). The solution of the design task (4) is reported in Table  3 , Column (A). The solution of this probabilistic task is found using again Monte Carlo probabilistic optimisation. For the optimal robust design the standard deviation of the life-time response is 14 cycles. This compares with 25 cycles for the reliable optimum in task (4) . The optimal solution of the design task (5) is reported in Table 3 Figure 5 shows the spread of the fatigue life values at the reliable optimum, the solution of task (4) , and at the robust optimum obtain as the solution of task (5).
CONCLUSIONS
This paper has outlined a Design for Reliability methodology. The optimal solutions with respect to reliability and robustness have been found in a very efficient and automated way. The concept of exploiting reduced order models based on response surface modelling and design of experiments techniques has been also incorporated in the calculation procedure.
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